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Citrus tristeza virus (CTV)-infected plants contain one or more populations of defective RNAs (dRNAs), mostly with a size
range of ca. 2.0 to 5.0 kb. Several CTV dRNAs have been characterized and found to consist mainly of the two termini of the
genomic RNA, with extensive internal deletions. The present paper describes a new class of large (12.0 kb) dRNAs from
three different CTV isolates with two unusual features. First is their composition with intact replicase genes. These dRNAs
contained a large 5 portion of the genomic RNA terminus, which apparently corresponded to the recently described 5 large
single-stranded subgenomic RNA (sgRNA) of ORF1a1b (Che et al., 2001). The 3 portion of the large dRNAs varied among
the 10 different cDNA clones examined in this work. In 2 dRNAs this portion consisted of truncated ORF10 (p20), and in 5
dRNAs it contained truncated ORF11 (p23). Two dRNA molecules were found with a 3 portion that started in the exact 5
position of the intergenic region between the p20 and p23 ORFs. In one dRNA, this portion coincided with the full-length
sgRNA corresponding to ORF10. The second unusual feature was their ability to be readily transmitted mechanically to citrusINTRODUCTION
Citrus tristeza virus (CTV) is the most destructive viral
pathogen of citrus trees (Bar-Joseph et al., 1989), and it
contains the largest known (19.3 kb) positive-stranded
RNA genome among the plant viruses. The virus belongs
to the genus Closterovirus, family Closteroviridae (Bar-
Joseph et al., 1979; Dolja et al., 1994; Agranovsky, 1996;
German-Retana et al., 1998; Karasev, 2000), which in-
cludes about 30 other virus species. The family includes
viruses, like CTV, that have been known for many de-
cades (Bar-Joseph et al., 1979), as well as some that
have apparently emerged only during the last decade
(Wisler et al., 1998; Karasev, 2000). Closteroviridae mem-
bers are unusual among plant RNA viruses, not only in
size and genomic composition but probably also be-
cause of their complex replication strategy (Gowda et al.,
2001).
The CTV genome is organized into 12 open reading
frames (ORFs), which potentially encode at least 19 pro-
tein products (Karasev, 2000). The 5 proximal ORF1a
encodes a 349-kDa polyprotein that includes two cys-
teine papain proteinase-like domains and methyltrans-
ferase- and helicase-like domains. ORF1b, which is
thought to allow the continued translation of the polypro-
tein by a 1 frameshift, encodes an RNA-dependent
1 To whom reprint requests should be addressed at The S.
Tolkowsky Laboratory, Department of Virology, Agricultural ResearchRNA polymerase-like domain (Karasev et al., 1995). The
remaining 3 half of the genome contains a set of 10
ORFs expressed via 3 coterminal subgenomic RNAs
(sgRNAs) (Hilf et al., 1995) (Fig. 1).
Infected plants contain relatively large amounts of
double-stranded (ds) replicative form (RF) RNA mole-
cules, corresponding to the genomic RNA and to the 3
coterminal sgRNAs (Hilf et al., 1995) (Fig. 1). Unlike the
large animal viruses of the order Nidovirales (Cavanagh,
1997; de Vries et al., 1997), the 3 coterminal sgRNAs of
CTV do not share a common 5 terminus (Karasev et al.,
1997; Yang et al., 1997; Ayllo´n et al., 2000). Additionally,
CTV-infected plants contain at least three distinct sizes
of 5 sgRNAs: two designated low-molecular-weight tris-
teza RNAs (LMT1 and LMT2) and a population of large-
molecular-weight tristeza RNA (LaMT) (Fig. 1) (Che et al.,
2001). These sgRNAs of about 0.8 kb (LMT1 and LMT2)
and 11.0 kb (LaMT) differed considerably in abundance in
infected cells (Che et al., 2001): the LMTs were more
abundant than the genomic RNA, while the LaMT, to
which no function has yet been assigned, accumulated
to lower levels. The 3 termini of LaMT molecules reside
just a few nucleotides downstream from the ORF1b ter-
mination codon; therefore, it has been suggested that
ORF2 sgRNA promoter acts as a termination signal of the
ORF1a1b 5 transcripts (Che et al., 2001; Gowda et al.,
2001).
In addition to the genomic and sgRNAs, most CTV
isolates contain one or more dRNAs of various sizes.plants by stem slashing and also to Nicotiana benthamian
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presently characterized dRNAs (20) consist solely of
the two genomic termini, with extensive internal dele-
tions (Mawassi et al., 1995a,b; Yang et al., 1997, 1999;
Ayllo´n et al., 1999). The first group of CTV dRNAs was
thought to result from erroneous replication involving
nonhomologous recombinations of different 5 and 3
genomic termini (Mawassi et al., 1995a,b). The junction
sites of 2.3- and 4.5-kb dRNAs from CTV-VT consist of a
simple fusion of the 5 and the 3 genomic termini (Ma-
wassi et al., 1995b; Yang et al., 1997), whereas a 2.4-kb
molecule had an insertion of 14 nt of a nonviral origin at
the junction site (Mawassi et al., 1995a). Other dRNAs
(Ayllo´n et al., 1999) contained direct repeats of 4–5 nt
flanking or near their junction sites, supporting a repli-
case-driven template switching mechanism. A different
class of dRNAs showed 3 moieties of the full-length
distal 3 sgRNA of ORF11 (Yang et al., 1997). The char-
acteristics of these later dRNAs suggested that (1) CTV
dRNA synthesis could take place though a process of
template switching toward distal positions of 5 plus-
strand molecules after the completion of minus-strand
ORF11 sgRNA and (2) the 5 of the ORF11 sgRNA could
serve as specific hotspots of RNA recombination (Yang
et al., 1997; Bar-Joseph et al., 1997).
An infectious cDNA clone that allows in vitro manipu-
lation of the CTV genome was recently developed (Satya-
narayana et al., 1999). Large dRNAs were constructed in
vitro; they possessed intact ORF1a1b, but lacked the
translation products of all 3 genes and were found to be
self-replicating in Nicotiana benthamiana protoplasts, in-
dicating that only ORF1a and 1b were required for CTV
replication. Although the replication of these in vitro-
constructed defective molecules, which lack the 3
genes, was not detectable in planta, they became useful
genetic platforms on which to study sgRNA transcription
(Satyanarayana et al., 1999; Gowda et al., 2001). Using
these constructs, Gowda et al. (2001) demonstrated that
each of the 3 CTV controller elements could allow the
production of a 5 terminal positive-stranded RNA and 3
terminal positive- and negative-stranded sgRNAs. The
artificial self-replicating dRNA supported the replication
of a series of non-self-replicating dRNAs in N. benthami-
ana protoplasts (Mawassi et al., 2000a,b). However, none
of these constructs showed detectable replication in
plants (Mawassi et al., 2000b).
The present paper describes a new class of large
(12.0 kb) and infectious dRNAs, which are regularly
transmitted to plants and protoplasts by grafting and
mechanical inoculation and are apparently able to self-
replicate in plant cells. These large dRNAs consisted of
a 5 portion of the genomic RNA terminus, which obvi-
ously corresponded to the recently described 5 large
single-stranded sgRNA of ORF1a1b (Che et al., 2001).
The observed similarities and differences between the in
vitro-constructed self-replicating large dRNAs (Satya-
narayana et al., 1999) and this new class of native large
dRNAs point to the possibilities of experimentally recon-
structing evolutionary events involving closterovirus RNA
recombination.
RESULTS
Detection of large dRNAs in CTV-infected plants
For our routine examination of dRNA molecules asso-
ciated with CTV, dsRNA was extracted from various
plants infected by a group of 15 CTV isolates, originally
obtained from declining or nonsymptomatic citrus trees
in several different locations in Israel, and maintained for
about 20 years by annual passages in Alemow plants.
The dsRNA was analyzed by formaldehyde agarose gel
electrophoresis and hybridization with VT 5- and 3-
positive-stranded RNA-specific probes (Fig. 1). The use
of the 5 and the 3 probes allowed detection of RNA
molecules which consist of both genomic termini, i.e., RF
and dRNAs.
The hybridizations showed dRNAs in all these isolates
that varied in size, ranging mostly from 2.0 to 5.0 kb (Fig.
2). Most isolates had one or two predominant dRNAs,
with additional species that showed lower signal inten-
sity. Interestingly, one isolate, designated CL-T No. 12,
showed the presence of a large dRNA (Fig. 2, indicated
by a black arrowhead in lane 12). The size of this large
dRNA (12.0 kb) was slightly greater than that of the
commonly found LaMT molecules (Fig. 2A) and about
that of the in vitro-constructed self-replicated large dRNA
described by Satyanarayana et al. (1999). A second ma-
jor dRNA of about 2.7 kb was also present in plants
infected by CL-T No. 12 isolate (Fig. 2A, indicated by a
white arrowhead in lane 12).
For further investigation of the composition of the large
dRNA molecule, we performed analysis by Northern blot
hybridizations of CL-T No. 12 dsRNA, with different
CTV–VT probes specific to the genomic RNA sequences
ORF1b and ORF2 (Fig. 1). The probes specific to the 5-
and 3-viral termini showed hybridization signals with the
2.7-kb and the large dRNAs, whereas the ORF1b-specific
probe reacted with the large dRNA, but not with the
2.7-kb dRNA (Fig. 3). The probe specific to ORF2 (Fig. 3)
did not show hybridization signals corresponding to
dRNAs, though there were two weak signals, which dif-
fered in size from the expected large dRNA. Probably one
corresponded to a 5-terminal sgRNA described by
Gowda et al. (2001) and the other (8.0 kb) to the 3-
coterminal sgRNA of ORF2 (p33) [indicated as RNA size
1 in Fig. 3, lane ORF2 () probe]. A nonspecific RNA was
also detected with ORF2 probe (indicated by asterisk in
Fig. 3). These results demonstrated that the large dRNA,
similarly to other described CTV dRNAs, also consists of
the two genomic termini with a large 5-genomic portion
that extends into the ORF1b sequence. The hybridization
results, together with the large size (12.0 kb) of these
134 CHE, MAWASSI, AND BAR-JOSEPH
molecules, suggested that this class of dRNA consists of
a small (2 kb) 3 portion.
The large defective RNAs have different junction sites
The unusually large size of the CL-T No. 12 dRNA
compared with the previously characterized dRNAs
prompted an investigation into their genomic composi-
tion. To characterize the junction sites, cDNA molecules
were synthesized from CL-T No. 12 dsRNA templates,
with the complementary primer 191170 corresponding to
the extreme CTV 3 terminus (Table 1). The resultant
cDNA was amplified by PCR using primer 191170 and the
sense-oriented primers 201632 (within ORF1a), 24539
(within ORF1b), 22548 (within ORF1b), 191608 (within the
intergenic region between ORFs 1b and 2), or 27280
(within ORF3) (Table 1). Each of the PCR products was
isolated and cloned into TA-cloning vector, and se-
quences were determined. To ensure that the resultant
PCR products were obtained from dRNA templates, we
performed similar RT–PCR analysis using a dsRNA prep-
aration that did not contain any detectable large dRNA,
and no corresponding products were obtained.
Cloning and sequence characterization of the result-
ant DNA fragments showed three chimeric molecules
that would be expected for dRNAs of 11.0–12.0 kb. The
shortest fragment, designated CL La-dRNA-I, showed
junction site at positions 10330 and 18788 of the genomic
RNA (Fig. 4). The junction sites of the other two expected
dRNAs, CL La-dRNA-II and CL La-dRNA-III, were found
to consist of 5 portions that terminated at positions
10787 and 10789, respectively, and both ligated to the
same position 18241 of the genomic RNA (Fig. 4). Se-
quence analysis of another, larger PCR product, CL
La-dRNA-IV, showed a junction site which could had
been obtained by ligation of the nucleotides at positions
11780 and 18482 of the genomic RNA (Fig. 4).
The 5 portion of CL La-dRNA-I included the entire
ORF1a sequence and extended up to about 30% of the
putative ORF1b, whereas in both CL La-dRNA-II and CL
La-dRNA-III, which were the most common cloned mol-
ecules, the 5 portion coincided in length and sequence
with the large 5 coterminal sgRNA molecule (LaMT) that
we recently reported (Fig. 1) (Che et al., 2001). The 5
portion, CL La-dRNA-IV, was located 36 nt downstream
of ORF2 end and 36 nt, as well as upstream of ORF3
initiation. Among these four large dRNAs, CL La-dRNA-II
and CL La-dRNA-III contained in their 3 portions (ca. 985
nt each) the complete nontranslated region (NTR) se-
quence located between ORFs 10 and 11, in addition to
the entire ORF11 and the 3 NTR of the genomic RNA.
Each of the 3 portions of CL La-dRNA-I (438 nt) and CL
La-dRNA-IV (744 nt) included truncated ORF11.
Transmission of CTV dRNAs
Transmission of CTV dRNAs from one plant to another
is usually inconsistent (Mawassi et al., 1995b). To exam-
FIG. 1. Genomic and subgenomic RNAs of the Citrus tristeza virus (CTV). (A and C) Northern blot hybridizations of dsRNA enriched extract from
an Alemow plant infected with the CTV–VT isolate with riboprobes specific to the 5 755 nt and to the 3 611 nt, respectively. The replicative form (RF)
RNA, the large-molecular tristeza (LaMT) and low-molecular tristeza-5 subgenomic (LMT1 and LMT2) RNAs and the nested set of the 3 coterminal
subgenomic RNAs (numbers 1 to 10) are indicated on the left side of (A) and the right side of (C), respectively. (B) A diagram of the genomic and of
5 and 3 subgenomic RNAs. The putative domains of papain-like proteases (PRO), methyltransferase (MT), helicase (HEL), and ORFs (open reading
frames) with respective numbers are indicated. The locations of the probes which were used in this work and a scale of size are indicated in (B).
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ine the transmissibility of the large dRNAs, we inoculated
buds from infected citrus plants onto CTV-free Alemow
plants. The dsRNAs were extracted and the dRNAs, as
well as the genomic and the subgenomic RNAs, were
monitored by Northern blot hybridizations with the 5-
and 3-positive-stranded RNA-specific probes. Figures
5A and 5B show, along with the 2.7-kb dRNA species, the
presence of large 11.0- to 12.0-kb dRNAs at 2.5 and 9
months postinfection. The intensities of the hybridization
signals of the large dRNAs from the two plants differed,
but were generally stronger than those observed for the
genomic RF (Figs. 5A and 5B), whereas the signal inten-
sities of the 2.7-kb dRNAs were apparently identical to
one another, but stronger than that of the genomic RF
(Figs. 5A and 5B).
To characterize the junction sites of these dRNAs,
cDNA molecules were synthesized from the dsRNA ex-
tractions by using the complementary primer 191170 fol-
lowed by PCR amplification with 191170 and the sense
primer 22548 or 201632 (Table 1). Sequence analysis of
the cloned PCR products demonstrated that the large
dRNA was composed of the 5 10787 nt and the 3 985 nt
of the genomic RNA, identical to those of CL La-dRNA-II
that were found in the infected source plants (Fig. 4).
Similarly, the sequence composition of the 2.7-kb dRNA
molecule from the graft-inoculated plant was identical to
those from the source plants. The latter dRNA contained
a junction site at positions 1764 and 18287; i.e., its 3
portion consisted of the exact ORF11 sgRNA molecule
(results not shown). These results suggested that both of
these dRNAs were readily transmitted by graft inocula-
tion.
Replication of CTV large dRNAs in protoplasts
The fact that most of these large dRNAs included the
sequences that are needed for replication of CTV RNA in
protoplasts stimulated us to examine their replication in
FIG. 2. Northern blot hybridization of dsRNA-enriched extracts from a group of Alemow plants infected with different CTV isolates, using riboprobes
corresponding to the 5 755 nt (A) and to the 3 611 nt (B) of the CTV–VT genome. Note the presence of multiple species of dRNAs (indicated by
asterisks) in all the tested samples. Lane 12 contained RNAs from the CL-T No. 12 isolate and shows the presence of two dRNAs of 2.7 and 12.0
kb (white and black arrowheads, respectively). The positions of the RF, LaMT, LMT, and the 3 subgenomic RNAs are indicated on the sides.
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N. benthamiana protoplasts. Protoplasts of N. benthami-
ana were inoculated with freshly extracted sap of CL-T
No.-12-infected tissue, which revealed the presence of
large dRNAs (Fig. 2, lane 12). Total nucleic acids of the
protoplasts harvested at 1, 2, 3, and 4 days postinocula-
tion (d.p.i.) were extracted and analyzed by Northern blot
hybridization using VT 5- and 3-positive-stranded RNA-
specific probes (Fig. 6). Accumulation of a large dRNA
was detected from 2 d.p.i. onward, while the genomic
RNA was detected only from 3 d.p.i. onward. The inten-
sity of the hybridization signals of the large dRNAs was
greater than that observed for the genomic RNA (Figs. 6A
and 6B). The 2.7 kb dRNA, which was also present in the
CL-T No.-12-infected tissue used as the inoculant (Fig. 2,
lane 12), was not detected in the inoculated protoplasts.
To examine whether the large dRNA detected in pro-
toplasts had junction sites identical to those of large
dRNAs associated with CL-T No. 12, which were found in
the source infected plant tissue, we performed RT–PCR
analysis with the primers 191170, 201632, 24539, 22548,
191608, and 27280 (Table 1) and a cloning strategy sim-
ilar to those used for characterizing large dRNAs of CL-T
No. 12 isolate. Sequence analysis resulted in two chi-
meric molecules. One molecule had a junction site iden-
tical to that of CL La-dRNA-II (Fig. 4), which was found in
CL-T No. 12-infected plant tissue. The second chimera
(designated CL La-dRNA-V) was constructed of a junc-
tion site at positions 11817 and 18704 of the genomic
RNA (Fig. 4). The latter dRNA consisted of a 5 portion
that included the sequence up to the last nucleotide of
the intergenic region between ORF2 and ORF3 and a 3
portion with a truncated ORF11 (Fig. 4).
Exploring additional large dRNAs within different
populations of the same CTV isolate
The possible existence of large dRNA species which
could be transmitted to N. benthamiana protoplasts as-
sociated with the VT and Mor-T isolates was investi-
gated. We chose these biotypes because they are
among the most common CTV isolates that naturally
infect citrus trees in Israel and, in addition, several sub-
types from these isolates were continuously maintained
in our greenhouses (Yang et al., 1999).
Northern hybridization of dsRNAs from Alemow plants
inoculated with nine different VT subisolates showed the
presence of major dRNA populations of 2.4 to 4.5 kb in
most of these subisolates (Figs. 7A and 7B, lanes 1–7);
however, two subisolates, designated VT12-12/10 (Figs.
7A and 7B, lane 8) and VT12-12/28 (Figs. 7A and 7B, lane
9), harbored large dRNA species of12.0 kb. The finding
that CL La-dRNAs were regularly transmitted from Ale-
mow plants to N. benthamiana protoplasts suggested
the use of infection of protoplasts as a screening method
for locating similar transmissible large dRNAs. Among
protoplasts inoculated with sap from plants infected with
the VT subisolates, large dRNAs of 12.0 kb were de-
tected in those infected with VT12-12/10 and VT12-12/28
(Figs. 8A and 8B, lanes 8 and 9). However, none of the
2.4- to 4.5-kb dRNAs present in the VT subisolate
sources were detected in the inoculated protoplasts
(Figs. 8A and 8B, lanes 1–7). Moreover, none of the
plants or protoplasts infected with tested VT subisolates,
apart from those infected with VT12-12/10 and VT12-12/
28, showed the presence of large dRNAs even when
tested with the sensitive RT–PCR assay (not shown).
Northern blot analysis of RNA extracts from N.
benthamiana protoplasts infected with plant sap from a
time course experiment on the inoculation of N.
benthamiana protoplasts with VT12-12/10 and VT12-
12/28 showed that the accumulation kinetics of the large
dRNAs and the genomic RNAs were apparently similar to
those of CL-T No. 12 (Fig. 9).
TABLE 1
Oligonucleotide Primers Used for RT–PCR Analysis
Primer
code Nucleotide sequence
Position in
VT sequence
201632 GCGAAGTACATCGTTTACAC 8773–8792
24539 AAACTAATGGTTAAGCGTGATGCC 9671–9694
22548 GATCTGTGAACGTGTGGTTTAC 10672–10693
191608 AGGTAGTTGAGTCGAGATG 10818–10837
27280 CATTGTTATAACGATTTATCGGTGCAC 11893–11919
191170 ATGGACCTATGTTGGCCCC 19206–19227
FIG. 3. Northern blot hybridization of the dsRNA enriched extract
from an Alemow plant infected with the CL-T No. 12 isolate, using four
different riboprobes indicated at the tops of the lanes. The positions of
the RF, large, and 2.7-kb dRNAs, LMT, and the 3 subgenomic RNAs are
indicated on the sides. The asterisk indicates the position of a probably
nonspecific band.
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Alemow seedlings were mechanically inoculated by
stem slashing with crude virus preparations from plants
infected with VT subisolates, associated with 2.4- and
4.5-kb and the large dRNA, respectively, and with their
mixtures. Northern hybridization of dsRNA-enriched
preparations showed that mechanical transmission of
these three types of dRNAs from citrus to citrus plants
had occurred (not shown). The efficiency of transmission
of these dRNAs from plant to plant varied considerably,
and only the large dRNAs from VT12-12/10 and VT12-
12/28 were efficiently transmitted to a large proportion (6
of 7) of the tested plants. The smaller dRNAs, of 2.4 and
4.5 kb, which were present in the sources of VT5 and
VT12, respectively, were poorly transmitted from citrus to
citrus plants by mechanical means (1 of 6 for VT5 and 2
of 12 for VT12-12).
A subsequent search for the presence of a large dRNA
among 16 plants infected with Mor-T subisolates re-
vealed a single subisolate, Mor-T/6, that also contained
a large dRNA. The Mor-T/6 large dRNA molecules were
readily transmitted from citrus plants to N. benthamiana
protoplasts and the pattern of Northern hybridization of
RNA extracts obtained in monitoring the time course of
the inoculation were essentially similar to those of CL-T
No. 12, VT12-12/10, and VT12-12/28 infections (Fig. 9).
Molecular characterization of large dRNAs associated
with VT12-12/10-, VT12-12/28-, and Mor-T/6-infected
plants and protoplasts
For characterizing the large dRNAs from infected
plants that had been mechanically inoculated with VT12-
12/10 and VT12-12/28 subisolates, the dsRNA-enriched
fractions were extracted and used for RT–PCR amplifi-
cation. Analysis of the PCR products revealed chimeric
molecules with 5 portions of 10777 and 10787 for VT12-
12/10 and of 10788 for the VT12-12/28. The 3 portions of
these molecules (designated VT-La dRNA-VI, VT-La
dRNA-VII, VT-La dRNA-VIII, respectively) were at posi-
tions 18475, 18526, and 17647, respectively (Fig. 4). The
5-junction site of VT-La dRNA-VI terminated 9 nt up-
stream of the ORF1b termination codon, while VT-La
dRNA-VII terminated similarly to CL La-dRNA-III, 1 nucle-
otide downstream of ORF1b, and VT-La dRNA-VIII termi-
nated only 1 nucleotide further downstream. The 3 ter-
mini of both VT-La dRNA-VI and VT-La dRNA-VII con-
sisted of a truncated ORF11, whereas the 3 terminus of
VT-La dRNA-VIII started within the intergenic region be-
tween ORFs 9 and 10, at a location which coincided with
the exact 5 terminus of ORF10 sgRNA (Karasev et al.,
1997). Sequence comparisons between VT-La dRNA-VII
molecules and the corresponding regions from VT12-
12/10 genomes did not reveal any noticeable deviation
(not shown).
RT–PCR amplification of cDNA molecules synthesized
from dsRNAs-enriched templates from plants infected
with Mor-T/6 resulted in two chimeric molecules with 5
portions of 10793 and 10816, ligated with 3 portions at
the positions 18206 and 18128, respectively. The 5 junc-
tion sites of both dRNAs (designated Mor La-dRNA-IX
and Mor La-dRNA-X) were located within the intergenic
region between ORF1b and ORF2, and the 3-junction
sites resided within ORF10; thus both included the com-
plete ORF11 (Fig. 4).
We also examined whether the large dRNAs, which
were detected in protoplasts infected with the subiso-
lates VT12-12/10, VT12-12/28, and Mor-T/6, had junction
sites identical to those of large dRNAs found in the
infected source plants. The RT–PCR and sequence anal-
yses demonstrated the presence of dRNAs with junction
sites identical to those of VT-La dRNA-VII, VT-La dRNA-
VIII, and Mor La-dRNA-X in protoplasts infected with
VT12-12/10, VT12-12/28, and Mor-T/6, respectively (Fig.
4). These results supported the hypothesis that these
large dRNAs were readily transmitted to protoplasts.
FIG. 5. Northern blot hybridizations of dsRNA-enriched extracts from
two Alemow plants, 2.5 (lane 1) and 9 (lane 2) months post graft
infection with the CL-T No. 12 isolate, using riboprobes specific to the
5 755 nt (A) and to the 3 611 nt (B). The positions of the RF, large, and
2.7-kb dRNAs, LMT, and some 3 subgenomic RNAs are indicated on
the sides.
FIG. 4. Junction sites of large dRNAs isolated from CTV-infected citrus plants and Nicotiana benthamiana protoplasts. Schematic diagrams of CTV
genome organization and of 10 large dRNAs from three different isolates, CL-T No. 12, VT12-12, and Mor-T6, showing the locations of the junction
sites. The RNA sequence at the junction site, aligned with the corresponding regions of the 5 and the 3 termini of the genomic RNA, is presented
on the right side of the diagram for each dRNA. The 5- and 3-overlapping positions are boxed in gray. The black boxes indicate ORF1b termination
codons. Note that all the junction sites overlap by at least at one nucleotide.
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DISCUSSION
This paper reports on the finding and characterization
of a novel group of large dRNAs from various CTV iso-
lates, with two unusual features that distinguish them
from previously characterized CTV dRNAs. The first is
their composition, with 5 portions that include the entire
replicase genes and extend to nt 10787–10793, essen-
tially identical in size and sequence to the 5 large
single-stranded sgRNA (LaMT) recently found in CTV-
infected plants (Che et al., 2001). The second is their
ability to be readily transmitted to N. benthamiana pro-
toplasts and to citrus plants.
dRNA composition
Molecular characterization of dRNAs from different
CTV isolates revealed a unique class of molecules with
3 portions that coincided exactly in size and sequence
with the ORF11 full-length sgRNA (Yang et al., 1997). The
sequence characteristics of these molecules (designat-
ed 3 ORF11 dRNAs) indicated that CTV dRNA synthesis
could take place through a process of template switch-
ing toward distal positions of 5 plus-strand molecules
after the synthesis of the ORF11 sgRNA minus strand
was completed and that the sgRNA termini might serve
as specific sites of RNA recombination (Yang et al., 1997;
Bar-Joseph et al., 1997). The finding of the large dRNA
class from different CTV isolates lends support to the
hypothesis that the 3-terminal part of large single-
stranded 5 sgRNA molecules could serve as crossover
sites for large dRNA molecules. The 3-nt identity be-
tween junction sites from the 5 and 3 termini of most of
the large dRNAs suggested a replicase-driven recombi-
nation event. However, unlike the class of 3 ORF11
dRNAs, where an extra C at the junction site suggested
that recombination occurred during minus-strand synthe-
sis, recombination-generating LaMT molecules could
have occurred during both plus- and minus-strand RNA
extension.
The lengths of the 3 portions of the large dRNAs
varied, and the junction sites were located either within
ORF11 or at the first nucleotide of the intergenic region of
ORFs 10 and 11 (Fig. 4). One of the large dRNA mole-
cules, VT La-dRNA-VIII, showed a 3 terminus with a
junction site located at the exact 5 nucleotide of the
ORF10 sgRNA (Karasev et al., 1997). The finding of sev-
eral molecules with 3 termini, which started at the first
nucleotide of the intergenic region of ORFs 10 and 11,
suggested that they had probably been generated
through a mechanism similar to that which allows the
continued elongation of plus-strand chains despite the
termination obstacles presented by the sgRNA promoter/
terminator signals (Gowda et al., 2001). However, tem-
plate switching during the minus-strand synthesis to-
ward the free 3 ends of the plus single-stranded LaMT
molecules is also highly plausible. The question of how
the minus-strand CTV 3 sgRNAs is synthesized is still
not clear. One possible way could have involved the
copying of the respective plus-strand sgRNA, as sug-
gested previously (Yang et al., 1997; Bar-Joseph et al.,
1997). A second possibility was recently raised, following
the finding that the CTV sgRNA promoter regions could
also act as termination signals for 5 plus-strand (Che et
FIG. 6. The time course of multiplication of large dRNAs from the CTV isolate CL-T No. 12 in N. benthamiana protoplasts. Northern blotting of CTV
RNAs with riboprobes specific to the 5 755 nt (A) and to the 3 611 nt (B). The positions of the genomic RNA (gRNA), large dRNA, and some 3
subgenomic RNAs are indicated on the sides. The numbers at the top indicate the time postinoculation in days (d.p.i.).
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al., 2001) and for plus and minus 3 sgRNAs (Gowda et
al., 2001).
Three suggested causes of viral RNA recombination
are breakage and ligation of the incomplete RNA mole-
cules; replicase-driven template switching; and break-
age-induced template switching (Nagy and Simon, 1997).
Replicase-driven template switching, which was previ-
ously hypothesized to be involved in the generation of
CTV dRNAs (Ayllo´n et al., 2000), could also have allowed
recombination between: (1) 3 sgRNAs and different size
5 parts (Yang et al., 1997; Bar-Joseph et al., 1997); (2) 5
sgRNAs and different size 3 molecules; and (3) 5 and 3
sgRNAs. It could be, however, in the light of the consid-
erable evolutionary significance of RNA recombination,
especially in the life cycle of large viruses, that CTV can
run these recombination strategies simultaneously.
Despite the finding of a large proportion of dRNA
molecules with 3 and 5 termini corresponding to full-
length sgRNAs, it is still not known if the terminal nucle-
otides of sgRNAs are hot spots of recombination be-
tween full-length RNAs or if these dRNAs are, inciden-
tally or preferably, selected for replication from a pool of
incomplete molecules. One of the remarkable features of
Closteroviridae members is their modular composition,
with corresponding ORFs arranged in a variety of con-
figurations. Recombination events involving the func-
tional termini of sgRNAs could have led to the rapid
evolution of the observed diversity and modularity of
Closteroviridae.
dRNA replication
Sequence analysis of the large dRNAs associated with
CL-T, VT12-12, and Mor-T isolates demonstrated that the
composition of this class of dRNA was nearly similar to
that of the in vitro-constructed self-replicating large
dRNA (Satyanarayana et al., 1999). The sequences es-
sential for CTV self-replication, ORF1a and 1b and the 5
FIG. 7. Multiple dRNAs associated with different subtypes of the VT isolate. Northern blot hybridization of dsRNA-enriched extracts from Alemow
plants infected with nine subtypes of the VT isolate, with riboprobes specific to the 5 755 nt (A) and to the 3 611 nt (B). Multiple species of dRNAs
(indicated by asterisks), the RF, LMT RNA, large dRNA, and 3 subgenomic RNAs are indicated on the sides.
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and 3 NTRs, were present in the large dRNAs that
replicated in protoplasts, which suggested that the ac-
cumulation of the large dRNAs in CTV-inoculated proto-
plasts could be due to their self-replication. Naturally
occurring self-replicating dRNAs have previously been
obtained from the mouse hepatitis coronavirus (DIssA)
(Kim et al., 1997); DIssA encoded the N protein and RNA
polymerase gene and supported replication and tran-
scription of non-self-replicating DI RNAs.
The use of grafting to infect plants allowed the regular
transmission of both the 2.4- to 4.5-kb and the large
dRNAs, whereas mechanical inoculation of citrus plants
with a crude virus preparation resulted in erratic infec-
tion with the 2.4- to 4.5-kb dRNAs and efficient infection
with large dRNAs. A major difference between the large
and the 2.4- to 4.5-kb dRNAs was observed in the inoc-
ulated protoplasts; therefore, inoculation of protoplasts
facilitated a clear distinction between the two classes of
dRNAs, since only the large dRNAs were regularly found
in N. benthamiana protoplasts. Similarly, Mawassi et al.
(2000b) reported that the major dRNAs that replicated in
protoplasts were not the same as those in the source
inoculum, though replication of naturally occurring large
dRNAs was not detected in their system. These results
suggest that the N. benthamiana protoplasts selectively
support replication of different dRNAs from those sup-
ported in citrus plants. Unlike in Tobacco mosaic virus,
where dRNAs supported by helper virus do not move in
plants and dRNAs capable of movement were not effi-
ciently replicated (Knapp et al., 2001), the large CTV
dRNAs were both efficiently replicated in protoplasts and
plants and systemically distributed in infected plants.
The regular transfection of the large dRNAs in proto-
plasts allowed the use of this system as a diagnostic tool
for identifying CTV isolates with large dRNAs. Addition-
ally, this system can be used as a method to eliminate a
FIG. 8. Accumulation of dRNAs from VT subtypes in N. benthamiana protoplasts. Northern blot hybridization of CTV RNAs from protoplasts infected
with nine subtypes of the VT isolate, with riboprobes specific to the 5 755 nt (A) and to the 3 611 nt (B). The positions of the genomic RNA (gRNA),
large dRNA, and some 3 subgenomic RNAs are indicated on the sides.
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pool of small dRNAs from a CTV population, by back-
inoculation of citrus plants with sap of infected proto-
plasts.
The considerable difference between the large
dRNAs, which readily infected protoplasts, and the 2.4- to
4.5-kb dRNAs, which were not observed in the infected
protoplasts, is attributed to the ability of the large but not
of the small dRNAs to replicate autonomously in the
infected protoplasts. Two hypotheses have been ad-
vanced to explain why small dRNAs, which are readily
transmitted from plant to plant by graft inoculation, rep-
licate less regularly after sap inoculation to protoplasts.
First, most small dRNAs are not encapsidated; therefore,
they could be degraded by ribonucleases of the sap
extract and their transfer impaired. Sap inoculation
should allow the infection and replication of encapsi-
dated RNA molecules, whereas graft transmission al-
lows replication even of nonencapsidated RNA mole-
cules. This result is also consistent with a situation in
which the large dRNAs, which are probably capable of
self-replication, need in trans support for the encapsida-
tion process, whereas the replication of the smaller
RNAs in plants depends on the support of both the
replication and encapsidation processes. The second
explanation is that most small dRNAs exist in infected
tissue as dsRNAs, and only graft transmission allows the
passage and replication of molecules which are main-
tained mainly as dsRNAs.
The large dRNAs in protoplasts that had been infected
with sap extracts were, in general, more abundant than
the genomic RNA. This result suggests the possibility of
self-replication of large dRNAs or/and interference with
genomic RNA replication, even though in vitro-con-
structed CTV dRNAs do not affect the levels of replica-
tion of the CTV helper in protoplasts (Mawassi et al.,
2000b). Infection of a new batch of protoplasts with
extracts from the first inoculated protoplasts resulted, in
most cases, in the accumulation of only the genomic
RNA. Neither hybridization nor even the sensitive RT–
PCR amplification detected replication of large dRNAs
following a second cycle of protoplast inoculation. The
observed difference between the consistent infectivity of
sap extracts from infected plants and the variable infec-
tivity of sap from infected protoplasts, suggesting the
possibility of self-replication of large dRNAs in different
cells from the genomic RNA and the encapsidation of
large dRNAs with capsid proteins, which translated from
genomic RNAs in other cells, was not possible.
CTV populations tend to be unusually complex, com-
prising several different genotypes (Hilf et al., 1999) and
multiple dRNAs that vary greatly in abundance and range
in size from 2 kb to 12.0 kb. There is little information
concerning the origin of these dRNAs. The present study
of naturally occurring populations of large dRNAs not
only revealed a close similarity in composition with mol-
ecules from artificial constructs, but also demonstrated
that these large dRNAs can be maintained and spread
systemically in plants. The evolutionary developments
resulting from long-range interactions between the full-
length virus genome and large dRNAs remain to be
elucidated.
MATERIALS AND METHODS
Virus sources and propagation
The biological, serological and genomic characteris-
tics of CTV isolates VT and Mor-T have been described
previously (Mawassi et al., 1996; Yang et al., 1999). The
CL-T isolate was collected in 1978 from a nondeclining
sweet orange tree (cv. Shamouty) grafted on sour orange.
The CTV isolates were passaged annually and propa-
gated in Alemow (C. macrophylla) seedlings. Infected
plants were maintained in insect-free screen houses or
FIG. 9. The time course of accumulation of large dRNAs from the different CTV populations in N. benthamiana protoplasts. Northern blotting of CTV
RNAs using riboprobes specific to the 5 755 nt and to the 3 611 nt. The source CTV population and the riboprobes are indicated at the top. The
genomic RNA (gRNA), large dRNA, and some 3 subgenomic RNAs are indicated on the sides. The numbers at the top indicate the time
postinoculation in days (d.p.i.).
143LARGE CTV dRNA
greenhouses with temperatures ranging between 15 and
35°C.
Mechanical infection of citrus plants and N.
benthamiana protoplasts
Fresh bark tissue (2 g) was collected from CTV-in-
fected Alemow plants, pulverized with liquid nitrogen,
and extracted by shaking on ice with 40 mM phosphate
buffer, pH 8.2 (1:5 g/ml) for 15 min. The slurry was
squeezed through cheesecloth and Kimwipes paper and
centrifuged for 10 min at 3000 g; 0.5 ml of the supernatant
(S1) was kept on ice while the remainder was concen-
trated by adding PEG and NaCl to 6% and 0.1 N, respec-
tively, and incubating for 1 h at 4°C. The solution was
centrifuged for 15 min at 10,000 g, and the pellets were
resuspended with S1 and used for slash inoculation of
stems of 12- to 18-month-old Alemow seedlings, accord-
ing to Garnsey et al. (1977), with slight modifications as
described by Satyanarayana et al. (2001).
Protoplasts from expanded leaves of N. benthamiana
were prepared according to Navas-Castilo et al. (1997).
The cells were inoculated with freshly extracted sap from
bark tissue of infected Alemow plants according Ma-
wassi et al. (2000b).
RNA extraction and Northern blotting
RNA extracts were obtained from bark tissue of in-
fected plants and were enriched in dsRNA molecules by
passing them through a single CF11 column as de-
scribed by Dodds and Bar-Joseph (1983). A total nucleic
acids mixture was prepared from protoplasts according
to Satyanarayana et al. (1999); briefly, protoplasts were
pelleted by centrifugation, dissolved in 400 l of lysis
buffer (50 mM Tris–HCl, 100 mM NaCl, 10 mM EDTA, 2%
SDS, pH 9.0), followed by two phenol–chloroform extrac-
tions and ethanol precipitation. The RNAs were sepa-
rated by electrophoresis in formamide–formaldehyde
denaturing 1.1% agarose gels in Mops buffer and trans-
ferred to Hybond N membranes according to Lewan-
dowski and Dawson (1998). Scanning of the membranes
with nonradioactive DIG-labeled riboprobes was carried
out according to Lewandowski and Dawson (1998). The
5 terminal 755 nt, 3 terminal 611 nt, 430 nt from ORF 1b
(nt 10263–10693), and 221 nt from ORF2 (nt 11597–11818)
of CTV genome cloned into pGEM-T vector (Promega)
were used to synthesize probes specific to positive- or
negative-stranded-RNA with T7 or SP6 RNA polymerase.
RT–PCR and molecular analysis of junction sites
RNA preparations enriched in dsRNA molecules from
plants and protoplasts were denatured with methyl mer-
cury hydroxide, and the regions surrounding the junction
sites were amplified by RT–PCR with the primers listed in
Table 1. The resulting PCR products were electropho-
resed on a 2% agarose gel, isolated with GeneClean,
cloned in the AT vector, pDrive Cloning Vector (QIAGEN),
according to the manufacturer’s instructions, and se-
quenced by a commercial facility (mbc, Rehovot, Israel).
The sequence and nucleotide numbering are according
to the CTV–VT strain described by Mawassi et al. (1996)
(Gene Bank Accession No. U56902).
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